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Abstract 
An abandoned well, completed without CO2 resistant materials, is thought to be a potential pathway for CO2 leakage 
to the surface. To examine the chemical impacts of a non-CO2 resistant well, we prepared composite samples 
consisting of J-55 casing material, Portland cement and sandstone (referred to as simulated well sample ). 
Permeability of the simulated well sample decreased during a flow-through experiment using CO2-saturated brine. 
Precipitation of carbonate was found in both flow-through and batch experiments. The casing material was not 
degraded by CO2 if bonding between the casing and cement was tight. The sandstone surrounding the cement 
therefore seemed to act as a buffer medium against CO2 attack. 
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1. Introduction 
In the initial stages in demonstrating for CO2 geological storage, a reservoir is selected from a well-
studied site near the oil and/or gas fields. In addition, the site of CO2 injection is designed far enough 
away from existing abandoned wells. Despite this, abandoned wells should still be considered as potential 
pathways for CO2 leakage in the event of an unexpected accident.  
Based on observations on cement samples collected from CO2 wells at old fields, a carbonation layer 
seems to protect the cement and casing from further degradation [1-2]. However subsequent laboratory 
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experiments suggested both degradation and integrity of well cements. Batch experiments with Class G
and H cements reported that cement surfaces were degraded even though the inside of the degradation 
zone had a less porous carbonated barrier [3-5]. One core-flood experiment, using a cement embedded
casing material, showed that calcium and iron carbonates filled the annular gaps between the casing and
cement [6]. Another core-flood experiment meanwhile indicated that effective permeability was
extremely low in cases of perfect bonding between cement and casing [7].
Therefore to improve understanding of a near wellbore system, we prepared composite samples
consisting of J-55 casing material, Portland cement and sandstone. This composite sample simulates an 
abandoned well. We then conducted batch experiments to further examine the chemical alterations in
cement and casing materials, and a flow-through experiment to look at any changes in hydraulic
properties following such chemical reactions.
2. Methodology
2.1. Simulated well sample
A cylindrical casing-cement-sandstone composite sample was prepared to simulate an abandoned 
cased well in a reservoir. Materials selected were an API Grade J-55 carbon steel casing and ordinary 
Portland cement. Both these materials are in general use in the oil and gas industries. To evaluate the
effect of pore structure on cement evolution, two types of sandstone were prepared. The first was Berea 
sandstone, which consists of well-sorted quartz grains and therefore has a homogenous pore structure. 
The second was Tako sandstone, which is representative of typical rocks found at Japanese CO2 storage
sites.
The design for the casing-cement-sandstone composite sample is shown in Fig. 1. Cement slurry was
prepared using standard API 10B, and had a water/cement ratio of 0.46. The neat cement slurry was
poured in a ca. 40 mm x 13 mm (length x diameter) hole in a sandstone core. A steel bar stock, 4 mm in
diameter, was embedded during pouring of the slurry. The samples were cured in pure water at room 
temperature and pressure before use.
(a)      (b)
Fig. 1. (a) Design of a casing-cement-sandstone composite sample (simulated well sample);
(b) Picture of a sample prior to experimentation.
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2.2. Batch experiment
Batch experiments were conducted over three different durations: 2, 4, and 8 weeks. In batch
experiments, three simulated well samples were piled in a pressure vessel (Fig. 2) and filled to
approximately half-way with 0.5 M NaCl solution (brine). CO2 was added to the vessel until the pressure
reached 10 MPa. Simultaneously, the pressure vessel was heated at 50 C. CO2 is in a supercritical state 
under these experimental conditions. During the experiment 4 ml of sample solution was extracted in
order to monitor fluid composition. To confirm the effect of the reaction between the simulated well
sample and brine was due to CO2, N2 gas experiments were also conducted under the same conditions.
Fig. 2. Scheme showing the batch system. The cylindrical samples are immersed in gas, in gas-saturated water, or are at the interface 
between the two fluids.
2.3. Flow-through experiment
A flow-through experiment using CO2-saturated brine was conducted over a period of 2 weeks on a 
simulated well sample made with Tako sandstone. CO2 saturated brine was prepared by mixing CO2 with
a 0.5M NaCl solution (brine) at 50 C until the pressure stabilized at 10 MPa. Details of experimental
procedure were as follows.
First, the simulated well sample was placed between two sets of Al2O3 sintered porous plate and 
plastic end-pieces. An alumina plate was used to ensure uniform injection over the entire surface of the
sample inlet. The sample assembly was then sealed with silicone sealant to prevent infiltration of oil,
which was used as a confining pressure medium. The silicone-coated sample was then placed in the 
pressure vessel. The pressure vessel itself was installed in a temperature-controlled room and connected 
with three syringe pumps for brine or CO2-saturated brine injection, back pressure, and pressure confining
oil respectively (Fig. 3).
Second, the sample was fully saturated with brine. The confining and pore pressures were gradually
increased to 12 MPa and 10 MPa, respectively. Simultaneously, the syringe pumps and pressure vessel
were heated to 50 C. The flow of brine was created by decreasing back pressure to 9.95 MPa.
Finally, the injection fluid was switched from brine to CO2-saturated brine once a constant flow of 
brine had been achieved. Fluid samples were collected using the sampler provided in the outlet of the
pressure vessel.
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Fig. 3. Schematic diagram of the flow-through experiment.
2.4. Analytical methods
During the experiments, water samples were collected randomly. The pH was measured immediately
after solution collection. The chemical composition of the solutions was analyzed with an ion 
chromatograph (IC) and inductively-coupled plasma atomic emission spectrometer (ICP-AES).
After each experiment, the weight change in a simulated well sample between its wet and dry states
was measured (apparent porosity). The sample was then split horizontally and the alteration depth was
measured at the cut surface. Pore structures and chemical composition of simulated well samples were 
analyzed using a microscope and scanning electron microprobe-energy dispersive X-ray spectrometer
(SEM-EDS).
3. Results and discussion
3.1. Results from batch experiments
Two types of sandstone were tested in simulated well samples. In the case of Berea sandstone, fluid
permeation seemed faster than seen for Tako sandstone. The chemical reactions that occurred, however,
were almost the same. Thus we focused on experiments using Tako sandstone hereafter.
After the experiments were completed, it was noted that the color of cement adjacent to the sandstone 
had turned orange in CO2 reactions and white when N2 was tested. In addition, in CO2 reactions the inner 
part of the orange rim had also changed to white. Within this white area, the outer part was denser than
the inner region, and SEM-EDS results indicated dissolution of portlandite, precipitation of amorphous
SiO2 and enrichment of S to C-S-H. In the orange rim meanwhile, upon examination under a polarizing 
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microscope, calcite was found. We therefore defined the white rim as an alteration area and the orange
rim as a carbonation area. The alteration and carbonation depths were then measured at 12 points on the
lightly-polished horizontal section of the simulated well sample (Fig. 4). Under N2-saturated brine
conditions, the alteration depth was approximately 0.6 mm and remained almost constant over the 
reaction time. Under the other conditions tested however, the average alteration depths ranged from 0.5 to 
2.4 mm. The penetration depth of the surrounding fluid seemed to depend more on heterogeneous pore
structures than reaction time or conditions. The carbonation depth under wet CO2 conditions was deeper
than that under CO2-saturated brine conditions. Carbonation reaction time was within three days of the
start of CO2-saturated brine exposure. Under wet CO2 conditions, the carbonation depth was moderately
increased with time (L=0.26t1/2+0.10) and coincident with the alteration depth at some points.
Under N2 ambient, the cement also underwent alterations. Before each experiment, all the simulated
well samples were saturated with brine. Cement is a highly alkaline material while the pH of brine is
neutral. Therefore, to adjust the pH of fluid in the pore spaces, the cement released Si and Ca until pH
was stabilized (Fig. 5). Subsequently, by-products of the dissolution of cement materials, such as am-SiO2,
precipitated around the boundary between the cement and sandstone. In the case under CO2 ambient, 
release of Ca was substantial (Fig. 5). In addition to am-SiO2, calcium carbonate also precipitated at the
cement-sandstone boundary. In our experiments, the sandstone played a role in mitigating direct contact 
between cement and fluid. Thus degradation of cement was reduced here in comparison with previous 
experiments using only cement [3-4].
Compared to cement, the steel casing material was not so reactive with any fluid. Some rust gathered
on the casing bar at the top surface of the simulated well, but this did not occur if the interface between 
casing and cement was tight. While the iron concentration in CO2 saturated brine was elevated in the
early part of the reaction period, it later decreased (Fig. 5). It was found that precipitation of am-SiO2 and
carbonate around the boundary between the cement and sandstone prevented further degradation of the
inner part of the cement and casing.
Fig. 4. Carbonated depth (a) and altered depth (b) of Portland cement with reaction time ( : Wet CO2, ; CO2 saturated brine,      
; Wet N2, ; N2 saturated brine). Photographs show the horizontal sections of the simulated samples after 56-days of reaction time.
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Fig. 5. Changes in chemical composition of the reacted solution.
(Solid symbol: CO2, Open symbol: N2, : 2 weeks, : 4 weeks, : 8 weeks)
3.2. Flow-through experiment with CO2 saturated brine
At the start of the core-flood experiment, brine was injected into a simulated well sample to fill the
pore spaces. Injection rate of the brine was 0.003 ml/min and delta-P between inlet and outlet of the
simulated well sample was 30 kPa (0.6 MPa/m) (Fig. 6). When the injection fluid was switched from 
brine to CO2-saturated brine, delta-P between inlet and outlet of the simulated well sample increased to a 
near-constant pressure of 73 ± 7 kPa (1.5 MPa/m). However, just after injection of CO2 saturated brine, 
the injection rate dropped drastically, falling to almost 0 on the 10th day after the initial injection.
Permeability meanwhile, decreased from 50 D to 3 D. To create flow in the simulated well sample
therefore, delta-P was increased to 300 kPa (6 MPa/m) by reducing the backpressure. The flow rate of 
CO2 saturated brine however again dropped to 0 on the 10th day after to the increase in delta-P. Even 
when delta-P was increased to 600 kPa (12 MPa/m), in a few days the flow rate of CO2-saturated brine
yet again dropped to 0. At the end of the flow-through experiment, the apparent porosity was decreased 
from 26.3% to 7.6%.
A cross-section of the simulated well sample after reactions with CO2-saturated brine is shown in Fig. 
7. Unlike the batch experiment, no orange zone was seen here. The color of the Portland cement adjacent 
to sandstone had however turned white. Detailed investigation using SEM-EDS showed that Ca and Fe
carbonates had precipitated in the sandstone adjacent to the cement. Although rust was found on the 
boundary between casing and cement, it was limited. Images taken using SEM-EDS indicated that the
pore spaces near the cement were clogged with fine materials of cement or clay origin (Fig. 8). 
Compared to the batch experiments, precipitation of carbonate was limited. However in the flow-
through experiment the sandstone pore spaces were significantly clogged with cement and clay materials.
This was likely due to the highly alkaline conditions created during cement curing. Initially in the flow-
through experiment, CO2-saturated brine seemed to pass mainly through the larger pore spaces in the
sandstone, with subsequent precipitation occurring at the neutralization front. Later, increases in delta-P
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cause the CO2-saturated brine to pass through the smaller pores. This also results in clogging of the pore
space, and thus, penetration of CO2-saturated brine is stopped.
Fig. 6. Injection rate of CO2 saturated brine and delta-P between the inlet and outlet pressures.
Fig. 7. Cross-section of the simulated well sample after reactions with CO2-saturated brine.
Fig. 8. Clogging materials in the pore spaces of sandstone. Graphs show the composition of precipitated materials.
 Yuki Asahara et al. /  Energy Procedia  37 ( 2013 )  5738 – 5745 5745
4. Conclusions 
In this study, a casing-cement-sandstone composite sample was used to simulate an abandoned well. 
We found that the sandstone surrounding the cement acted as a buffer against CO2 attack. In batch 
experiments, the cement rim adjacent to the sandstone was fully carbonated with wet CO2 and CO2-
saturated brine. It was concluded that the pH of the brine at the boundary between sandstone and cement 
was high enough to prevent creating porous zone of the cement. In the flow-through experiment however, 
in addition to materials originating from the cement and clay, Ca and Fe carbonates precipitated near the 
cement-sandstone boundary. The precipitation seen decreased permeability of the simulated well sample. 
Even if Fe did leach from the casing, it precipitated at the boundary between the casing and cement. It 
was concluded that impact of CO2 was therefore limited in the simulated well sample. This phenomenon 
is coincident with field observations of CO2 wells. 
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